Gold nanoparticles functionalized with thiol-modified DNA have been widely used in making various nanostructures, colorimetric biosensors, and drug delivery vehicles. Over the past 15 years, significant progress has been made to improve the stability of such functionalized nanoparticles. The stability of the gold-thiol bond in this system, however, has not been studied in a systematic manner. Most information on the gold-thiol bond was obtained from the study of self-assembled monolayers (SAMs). In this study, we employed two fluorophore-labeled and thiol-modified DNAs. The long-term stability of the thiol-gold bond as a function of time, salt, temperature, pH, and organic solvent has been studied. We found that the bond spontaneously dissociated under all tested conditions. The dissociation was favored at high salt, high pH, high temperature and little DNA degradation was observed in our system. Most organic solvents showed a moderate protection effect on the gold-thiol bond. The stability of the gold-thiol bond in the DNA system was also compared with that in SAMs. While there are many similarities, we also observed opposite trends for the salt and ethanol effect. This study suggests that the purified DNA-functionalized gold nanoparticles should be freshly prepared and used in a day or two. Long term storage should be carried out at relatively low temperature in low salt and slight acidic buffers.
INTRODUCTION
Since 1996, thiol-modified DNA has become a widely used reagent for functionalization of gold nanoparticles (AuNPs) and such nanoparticles have become one of the corner stones in bionanotechnology. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] They are widely used for making novel nanostructure, [12] [13] [14] [15] [16] [17] [18] [19] delivery of therapeutic agents, 20 and constructing highly sensitive sensors for metal ions, 21 small molecules, 22 nucleic acids, 23 proteins, 24 and even whole cells. 25 AuNPs are attractive for these applications for the following reasons.
First, mono-dispersed AuNPs ranging from 1.4 to >100 nm can be routinely synthesized by the simple reduction chemistry and are also commercially available. Second, the chemistry of DNA conjugation is well-established and easy to achieve. Third, AuNPs have a very high extinction coefficient (e.g. over three orders of magnitude higher than most organic dyes) and a distance-dependent optical property. 26, 27 When 3 AuNPs are individually dispersed, the color is red. Upon aggregation, the color changes to purple or blue due to the coupling of AuNP surface plasmon. Therefore, by engineering different mechanisms to control the distance among AuNPs, highly sensitive colorimetric sensors can be obtained.
For most applications, it is important to maintain a stable linkage between AuNPs and DNA. The thiolgold bond stability has been extensively studied in the context of self-assembled monolayers (SAMs). It is known that such a bond is susceptible to oxidation in air and in water, resulting in compromised longterm stability. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] On the other hand, thiol-modified DNAs do not form SAMs on gold due to a lack of lateral hydrophobic interactions among DNA and DNA does not closely pack on the gold surface. 39 For example, the generally accepted high coverage thiol SAM structure is the ( √3 ×√3 )R30  epitaxial arrangement on Au(111). 40 Based on this model, a thiol density of 4.6 /nm 2 can be calculated. On the other hand, the thiol-DNA density on planar Au is only ~0.056 DNA/nm 2 and on highly curved 10 nm AuNP is ~0.2 DNA/nm 2 . 41 Therefore, the SAM density is one to two orders of magnitude higher than that of DNA; the knowledge obtained from studying SAMs may not be completely applicable to the DNAgold interface.
Over the past 15 years, research efforts in trying to improve the stability of the DNA-gold linkage have mostly focused on two areas. First, instead of using mono-thiol modifications, DNAs modified with two and even three thiol groups were shown to significantly improve the conjugate stability. [42] [43] [44] [45] However, such multidentate thiol DNAs are more expensive to synthesize or are not commercially available, and mono-thiol DNA is still the most widely used reagent. On the other hand, fundamental understandings on the AuNP and thiol-DNA chemistry allowed significant improvements of AuNP stability. For example, the AuNP stability and DNA density are affected by particle size, 41 DNA sequence, 46 DNA secondary structure, 47 small molecule thiol compounds, 48 thiol exchange, 49 the presence of surfactants and sonication treatment. 50, 51 Most of these works have focused on the saltdependent colloidal stability of AuNPs. The hypothesis is that a more stable DNA linkage and a higher DNA density should allow AuNPs to be stable in a higher salt buffer. Colloidal stability is important for practical applications since many assays may 4 require a high ionic strength. These experiments, however, did not directly exam on the stability of the thiol-gold bond.
In a typical experiment to functionalize AuNPs, an excess amount of thiol-modified DNA is incubated with AuNPs in the presence of progressively increased salt concentration. 1, 23, 26, 50, 52 For most applications, the free DNAs are removed by centrifugation to avoid interference and the purified AuNPs are used immediately. While such operations are commonly accepted in the laboratory, for practical applications, it is desirable to have pre-purified AuNPs to avoid the centrifugation step by end-users.
Therefore, it is also important to know the stability of the purified DNA-AuNP hybrid. While desorption of thiol compounds has been extensively studied in the context of electrochemistry and SAMs, 28-38, 40, 53-58 few reports can be found on the dissociation of DNA from nanoparticles. 59 In this work, we systematically studied the kinetics of DNA dissociation as a function of ionic strength, temperature, pH, and organic solvent. We found that the most desirable condition for storage of purified DNAfunctionalized AuNPs is at low temperature with a low ionic strength and low pH. washed by repeated centrifugation at 15000 rpm for 20 min, removal of supernatant and re-disperse in buffer three times. The purified nanoparticles were dispersed in appropriate buffers and transferred into microcentrifuge tubes (50 μL each with AuNP concentration being ~9 nM). At designated time points, the tubes were centrifuged at 15000 rpm for 10 min and 25 μL of the supernatant was transferred to another tube. After 15 days, the precipitated AuNPs were treated with 2 mM beta-mercaptoethanol (BME) and diluted to 100 μL with a buffer (25 mM HEPES, pH 7.6, 100 mM NaCl). The previously collected supernatants were also diluted to 100 μL with the same buffer. The fluorescence of all these supernatant solutions (Fs) and BME treated AuNPs (Fp) were measured and the fraction of release was determined to be 2Fs/(Fs+Fp). All the experiments were run in triplicates. The fluorescence was quantified using a microplate reader (Molecular Devices, SpectraMax M5) with excitation at 485 nm and emission at 520 nm.
MATERIALS AND METHODS

Materials
Effect of Organic Solvent. The AuNPs were purified by centrifugation as described above and dispersed in 25 mM HEPES, pH 7.6 with a final AuNP concentration of 45 nM. 10 μL of such AuNPs were then mixed with 40 μL of various 100 and 50% solvents so that the final solvent concentrations were 80 and 40%, respectively and the AuNP concentration was 9 nM. After a week, the AuNPs were centrifuged and the supernatant fluorescence was quantified. In another experiment, AuNPs were dispersed in 25 or 50% solvents with 100 or 200 mM NaCl, respectively. The color of the AuNPs was recorded by a digital camera (Canon PowerShot SD 1200 IS). To remove the solvent, the AuNPs were centrifuged and the supernatant was displaced by water.
Effect of pH.
To study the effect of pH, 500 mM of the following buffer solutions were prepared: Gel electrophoresis. To exam the integrity of DNA on AuNPs, the DNA on precipitated AuNPs was displaced by 2 mM BME overnight. The released DNA was loaded into 15% denaturing polyacrylamide gel and the gel was documented by exciting at 302 nm and the emission was collected with a digital camera through a green filter (Alpha Innotech FluorChem FC2).
RESULTS AND DISCUSSION
Experiment Design. For a thiol-modified DNA to be fully functional on the AuNP surface, two types of chemical linkages have to remain intact. First, the Au-thiol bond ensures that the DNA is actually conjugated to the surface. Second, all the phosphodiester linkages in the DNA must be stable to ensure the integrity of DNA. To monitor the stability of these bonds as a function of time, two fluorescently labeled thiol-modified DNAs were used ( Figure 1A ). In DNA1, the fluorophore and thiol are respectively on the two DNA termini. If any linkage in DNA1 is cleaved, the fluorophore is released into solution.
Free fluorophores and AuNPs can be conveniently separated using centrifugation. By simply monitoring the solution fluorescence, however, it is difficult to tell which type of bond is cleaved. To solve this problem, a second DNA (DNA2) with the fluorophore right next to the thiol was also tested ( Figure 1B ).
In this case, DNA degradation should not produce a fluorescence change in the supernatant; and all the fluorescence must be due to the cleavage of the Au-thiol bond. DNA Dissociation Kinetics. DNA-functionalized AuNPs were prepared by mixing 2.6 μM thiolDNA with ~10 nM AuNPs. Since the maximally achievable DNA on such 13 nm AuNPs wais about 100 to 150, the DNA was in excess. 41, 60 The functionalized AuNPs were purified by centrifugation to remove free DNA in the supernatant and the resulting purified DNA-AuNP hybrids were re-suspended in buffer and stored under various environmental and buffer conditions. At designated time points the AuNPs were centrifuged and the supernatant fluorescence intensity was measured to quantify the fraction of released/degraded DNA.
The kinetics of DNA release is presented in Figure 2 . The initial fractions of released DNA were close to zero for all the samples, suggesting that most of the free DNAs were removed for the freshly purified
AuNPs. As shown in Figure 2A (red dots), if the AuNPs were stored at room temperature in an aqueous buffer containing 100 mM NaCl, 5 mM HEPES, pH 7.6, ~30% of the fluorophore dissociated from the DNA1-AuNP conjugate after 15 days. In the same time period, over 50% of the DNA dissociated from DNA2-AuNP ( Figure 2C ). The kinetics roughly followed a linear relationship over time for both samples.
We chose to test 100 mM NaCl because this is a commonly used salt concentration for DNAAuNP storage. These experiments suggest that there was a significant amount of DNA dissociation/cleavage from the AuNP surface in a normal storage/reaction buffer. Therefore, it is expected that the property of these purified DNA-AuNP conjugates will change significantly over time.
If the two DNAs are compared, one would intuitively expect that the amount of released fluorophore to be more for DNA1 than for DNA2, because in addition to the Au-thiol bond, any DNA degradation in DNA1 could contribute to the observed fluorescence. However, the opposite was observed. This can be explained by the following factors. First, the DNA degradation was minimal in the 15 days we studied, which has been confirmed by gel electrophoresis (vide infra). Therefore, most released fluorophore was through the Au-thiol bond cleavage. Second, with the fluorophore labels, it was straightforward to determine the DNA density on AuNPs. 41, 60 The average number of DNA2 on each 13 nm AuNP was determined to be 144 ± 22, which was more than 50% greater than that for DNA1 (92 ± 9 on each AuNP).
The rate of DNA dissociation should be proportional to the DNA density on the AuNP surface. Therefore ,   8 under otherwise identical conditions, more DNA2 should be released than DNA1 in the same time period.
Finally, while the nucleotides right next to the thiols were thymine for both DNAs, the thymine on DNA2
had a covalently attached FAM fluorophore, which may affect the stability of the thiol-Au bond. 46 Overall, the difference between these two DNAs were quite small and their behavior followed the same trend, suggesting that the time-dependent DNA dissociation should be general. 
Effect of Salt.
One parameter that can be easily controlled for the storage of DNA-AuNP conjugates is the solution ionic strength. Higher salt is known to decrease the colloidal stability of AuNPs and also to cause non-specific DNA mediated aggregation. 51 Therefore, we next tested the effect of using a lower salt buffer with just 5 mM HEPES at pH 7.6 (which should contain 2.5 mM Na + ) and no additional NaCl was 9 added ( Figure 2B, D, red dots) . Interestingly, we observed that the rate of DNA release was reduced to below 20% over 15 days for both DNA sequences.
It is known that a gradual increase of salt concentration can increase the conjugation efficiency of thiol-DNA, 50 but no previous work has studied the effect of salt on the dissociation of DNA from Au surface.
Jans et al. reported that the stability of SAMs containing polyethylene oxide (PEO) thiols were lower in phosphate buffered saline (PBS) than in water. PBS contains 150 mM Na + , which is similar to our high salt condition of 100 mM Na + . The discrepancy between these two systems may suggest that the DNA on the gold surface behaves quite differently from SAMs. One major difference is that the DNA is a polyanion. With heavily functionalized DNA, the AuNP surface is quite repulsive to negatively charged ions such as OH -, resulting in a decreased OH -concentration close to the surface, and this decrease can be described by the Boltzmann equation. This repulsive force is amplified at a lower ionic strength since the negative charges on DNA cannot be effectively screened. In the subsequent pH-dependent studies we found that the dissociation of the thiol-Au bond was favored at higher pH, suggesting that OH -can facilitate the reaction. Taking together, we attribute the deceased DNA dissociation at low salt to the decreased OH -concentration close to the gold surface.
Effect of pH.
Both biochemical assays and storage can take place in different pH buffers. Studying the effect of pH can also help understand the mechanism of bond dissociation. Therefore, we next studied the effect of pH. AuNPs modified with DNA1 was dispersed in 50 mM of various buffer solutions with no additional NaCl present. After 3 and 6 days, the supernatant pH was adjusted to 8.3 before its fluorescence was measured since FAM is a pH-dependent fluorophore. As can be observed from Figure 3 , more DNA was released on day 6 than on day 3, suggesting that the release was time dependent at all the tested pH buffers. At pH 4 and 5, the amount of released DNA was the lowest while at pH 9, the highest amount of release was observed. Therefore, high pH appeared to favor DNA dissociation. The only exception was at pH 6, at which the release was slightly higher than that at pH 7. This could be due to the use of different buffers. MES and Tris were used for pH 6 and 7, respectively.
The pH-dependent stability of SAM was also studied on a planar gold surface using elliposometry. 61 In that study, long alkyl thiol chains terminated with methyl, hydroxyl, carboxylic acid and amine were tested and all the samples showed a lower stability at higher pH. However, we observed ~30% DNA release in 6 days at pH 9, but in the SAM case the monolayer was still quite stable at pH 9. Release was observed only at pH higher than 12. This pH-dependent comparison between SAM and DNAfunctionalized Au surface suggests that while both systems share a similar dissociation mechanism but SAM has a much higher stability than DNA on gold. DNA does not form a compact monolayer due to a lack of lateral hydrophobic forces and thus can be attacked more easily. Effect of Temperature and EDTA. To further optimize the storage conditions, two additional sets of samples were prepared with one containing 2 mM EDTA and the other stored at 4 °C. These conditions were chosen because they can be easily accessed in common laboratory settings. EDTA was intended to remove trace amount of divalent metal ions and act as a nuclease inhibitor. Both samples were functionalized with DNA2 and contained 100 mM NaCl. As can be observed from Figure 2E , EDTA had 11 little effects on the release kinetics and fast DNA dissociation was still observed. This is expected if DNA degradation was not responsible for the fluorophore release.
Interestingly, the sample stored at 4 °C showed drastically reduced release kinetics ( Figure 2F ). After 15 days, the amount of released fluorophore was less than 3% even in the presence of 100 mM NaCl. This is consistent with previous reports that DNA dissociation is faster at higher temperature. 59 The decreased rate of dissociation at lower temperature suggests that the cleavage of the thiol-Au bond should be an endothermic process. The above experiments indicate that the purified AuNPs were quite stable for a day or two. If the particles have to be stored for a longer time, they should be dispersed in a slightly acidic buffer with a low salt concentration and at low temperature.
Effect of Ethanol.
Ethanol is a commonly used reagent for extracting, precipitating, and protecting DNA. At the same time, ethanol is also commonly used for cleaning surfaces. We recently demonstrated that DNA-directed assembly of such AuNPs was even faster in ethanol compared to that in water.
62, 63
Therefore, we are also interested in testing the effect of ethanol on the stability of the DNA-Au linkages.
As shown in Figure 2A -D (blue dots), 80% ethanol (v/v) was able to reduce the fluorophore release by about half in all the tested DNA and salt conditions.
The stability of SAMs in ethanol has also been previously studied and it was found that the SAM stability was much lower in ethanol than in water. 34, 64, 65 The mechanism of SAM desorption in ethanol was found to be through formation of disulfides. 36 Ethanol is less polar than water and can therefore disrupt hydrophobic interactions in SAMs, making them less stable. For immobilized DNA, however, there was little hydrophobic interaction to begin with. In high salt conditions, DNA-functionalized AuNPs were aggregated in ethanol, which may also hinder DNA release. Taking together, while ethanol can damage SAMs, it showed a moderate protection effect on adsorbed DNA.
Effect of Other Solvents. Since ethanol showed a moderate protection effect, we are interested in testing other organic solvents. Previous studies on SAMs have shown that solvents like DMF and DMSO were effectively adsorbed on surface defect sites and can increase the activation energy for thiol desorption to inhibit SAM degradation. 65 First we need to ensure that the solvents do not damage DNA-functionalized AuNPs. As shown in Figure 4A , the AuNPs were stable in 25% (v/v) of all tested solvents in the presence of 100 mM NaCl, as indicated by the red color of dispersed AuNPs. By doubling the salt and solvent concentrations ( Figure   4B ), AuNPs aggregated in most solvents except for those dispersed in ethylene glycol, glycerol, or water.
The aggregation was likely due to the decreased dielectric constants of solvents compared to water. Such aggregation, however, was reversible for most solvents. Upon centrifugation and removal of the supernatants, the AuNPs can be re-dispersed in water to give a red color ( Figure 4C ). Some AuNPs were lost for isopropanol and acetonitrile as their colors were much lighter compared to other solvents. These results suggest that DNA-functionalized AuNPs can be stably dispersed in most organic solvents.
We next prepared solutions with AuNPs dispersed in 40 or 80% of various solvents with no additional NaCl added, but all contained 5 mM HEPES, pH 7.6. As can be observed in Figure 5 , the effect of solvents on DNA dissociation was quite moderate. After 6 days, ~10% release was observed in water. With 40% of solvents, most showed slightly decreased release. With 80%, only DMF and ethylene glycol showed slightly more release than water. Therefore, changing the solvent has little effect on the stability of the thiol-Au linkage.
13 storage, DNA2-functionalized AuNPs were used. At designated time points, the AuNPs were collected and a high concentration of BME was added to displace the DNA2 on AuNPs. The displaced DNA2 was then analyzed by denaturing polyacrylamide gel electrophoresis. Since the fluorophore on DNA2 was close to the thiol modification, any DNA degradation should generate shorter DNA that can be detected by gel electrophoresis.
As shown in Figure 6 , the first lane on the left is the freshly prepared free DNA2 and only a single band was observed, suggesting the high purity of the DNA. After mixing the DNA with AuNPs, a weak band at lower molecular weight can be observed even at day 0 under all tested conditions, and this additional band should be a degradation product. The amount of degradation, however, did not increase significantly over the time course of 15 days. Therefore, that the amount of DNA degradation was minimal. The intensity of the DNA2 band was clearly decreased for the sample with 100 mM NaCl stored at room temperature, which was consistent with the previous supernatant fluorescence measurement that ~50% of DNA2 was released from the AuNP surface after 15 days. When stored at 4 °C, little change in the band intensity was observed, confirming that the DNA integrity was maintained at low temperature.
Another observation from the gel experiment is that the band with ethanol showed a lower intensity compared to that in water. We know that the released fluorophore in ethanol was only about half of that released in water. Therefore, there should be more DNA on AuNPs in the presence of ethanol. The decreased gel band suggests that the BME displacement reaction was slower in ethanol. did not contain any NaCl. The sample in 100 mM NaCl also contained 2 mM EDTA. The sample at 4 °C had a NaCl concentration of 100 mM.
CONCLUSIONS.
In summary we have systematically studied the dissociation of thiol-modified DNA from AuNP surface as a function of environmental and buffer conditions. Without special sterile techniques, we observed very little DNA degradation and most of the DNA release was attributed to the thiol-Au bond cleavage. It has been recently reported that AuNPs can protect attached DNA from enzymatic cleavage, 66 and such protection may also contribute to our observation in this study. Under each storage condition, the release profile was compared with that for SAM. While there are similarities, due to the lack of lateral interactions within the immobilized DNA layer and the negatively charged DNA backbone, there are also many differences between these two systems. With this study, we conclude that DNA-functionalized AuNPs need to be purified and used freshly. If long-term storage is required, low salt, low pH and low temperature conditions are preferred.
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